Abstract. We evaluated the carrier lifetime to estimate surface recombination velocities for 4H-SiC whose surfaces were treated by various processes. We found that the reactive ion etching (RIE) increased the surface recombination velocity, and we considered that point defects introduced by RIE influence the surface recombination velocity.
Introduction
4H-SiC is a promising material for low loss and high voltage power devices. For very high voltage SiC bipolar devices, the carrier lifetime influences the device performance. Surface recombination is one of the limiting factors of the carrier lifetime. Therefore, evaluation of the surface recombination velocity is important to control the carrier lifetime. Although some experimental results of the surface recombination velocity have been reported so far [1, 2] , factors affecting it have not been clarified yet. In addition, fabrication of SiC devices generally requires processes which may introduce defects in SiC surfaces, for example reactive ion etching (RIE) [3] . In this work, we measured the carrier lifetime of 4H-SiC whose surfaces were treated by various processes by the microwave photoconductivity decay (-PCD) method, and evaluated surface recombination velocity.
Experiments
The samples were cut from a free-standing n-type 4H-SiC epilayer with nominal doping concentration of 1.0×10 15 cm -3 , and the sample size was approximately 1 cm × 1 cm. We prepared the samples with various surface treatments. One of the sample sets was treated by a chemical-mechanical polishing (CMP) on the Si-and C-faces, and we named them CMP samples. Thicknesses of the CMP samples are 22, 33, 43, 63, 71 and 83 m. For another sample sets, we etched their surfaces by NaOH at 500C, and we named them NaOH etch sample (with 31, 60 and 81 m thick). We also performed RIE in SF 6 +O 2 under 20 Pa with 150 W for 30 min to two sample set; for one set, RIE was performed on Si-face (RIE (Si-face) samples with 29, 57 and 84 m thick), and for one the other set, RIE was performed on the C-face (RIE (C-face) samples with 20, 41 and 69 m thick). Carrier lifetimes in all the samples were measured by the microwave photoconductivity decay (-PCD) method. In the -PCD method, we used 266 or 355 nm pulsed YAG lasers (the penetration depths in 4H-SiC are 1.2 and 48 m for 266 and 355 nm, respectively [4] ) as an excitation source, and microwave of 10 GHz as a probe. We employed high excitation intensity enough to be the samples in high injection condition (3.4-3.8×10 15 cm -2 and 1.0-1.7×10 15 cm -2 for 266 nm and 355 nm excitation, respectively). We defined the 1/e lifetime as the excess carrier decay time from a peak to 1/e. In the case of stationary conditions, bulk and surface recombination govern the carrier decay with bulk carrier lifetime τ epi and  s lifetimes, respectively,
where where S is the surface recombination velocity, D is the ambipolar diffusion coefficient [5] . When the sample is thick enough, the surface recombination velocity at the excited surface S 1 and τ epi are dominant factors in determining the excess carrier decay, because excited carriers hardly diffuse to the other surface S 2 . Therefore, we can evaluate surface recombination velocity S by observation of thickness dependence of the carrier lifetime [6] .
Results and discussion
The decay curves for the CMP samples in 266 nm excitation are shown in Figure 1 . We found that the decay curves became slow with the sample thickness. The decay curves for the other samples also became slow with the sample thickness. The decay curves for the CMP sample in 355 nm excitation are shown in Fig. 2 . We found that the decay curves became slow with the sample thickness, and are slower than those in the 266 nm excitation.
Thickness dependence of the 1/e lifetime for the Si-face by the 266 nm laser is shown in Fig. 3 . We found that the 1/e lifetime increases with the sample thickness for all the samples. The 1/e lifetime of the CMP and NaOH etch samples are almost same, and the 1/e lifetime for RIE samples are smaller than those for the other samples. We considered that point defects introduced by RIE decrease the carrier lifetime. For RIE (C-face) samples, although we did not performed RIE on the Si-face, the 1/e lifetime for the Si-face became smaller. Therefore, plasma in the RIE treatment would wrap around the Si-face. Thickness dependence for C-face is shown in Fig. 4 . We also found that the 1/e lifetime for RIE samples are smaller than those for the other samples. Thickness dependence of the 1/e lifetime for the Si-face by the 355 nm laser is shown in Fig. 5 , and thickness dependence for C-face is shown in Fig. 6 . We found that the 1/e lifetimes increases with the sample thickness for all the samples and are larger than those excited by 266 nm. 1/e lifetime of the CMP and NaOH etch samples are almost same, and the 1/e lifetime for RIE samples are smaller than those for the other samples. Table 1 . 1/e lifetimes for the RIE (Si-face) samples are shown in Fig. 8 . We found that S for the RIE samples are larger than S for the other samples. In the case of  epi = 10 s, comparison of experimental 1/e lifetimes for the CMP samples with calculations is shown in Fig. 9 , and those for the RIE (Si-face) samples are shown in Fig. 10 . S of all the samples with  epi = 10 s were larger than those with  epi = 5 s. We found that the CMP and NaOH etch samples have almost same S, while S for the RIE samples are larger than S for the other samples. We considered that point defects introduced by RIE increase the surface recombination velocity. 
Conclusions
We evaluated the carrier lifetime for 4H-SiC whose were surfaces were treated by various processes. The 1/e lifetime of the CMP and NaOH etch samples are almost same and, the 1/e lifetime for RIE samples are smaller than those for the other samples. We estimated surface recombination velocities. The value of S for the CMP samples would be 1300-2000 cm/s for the Si-and C-face. The CMP and NaOH etch samples have almost the same surface recombination velocities. For the RIE (Si-face) sample, S would be about 1800-2500 cm/s for the Si-and C-face. For the RIE (C-face) sample, S would be about 2000-3500 cm/s for the Si-face, and 2200-3500 cm/s for the C-face. We found that S for the RIE samples are larger than those for the other samples. We consider that point defects introduced by RIE influence the surface recombination velocity. and 1700 cm/s for Si-and C-faces or S = 2000 cm/s for the both faces.
